Silica-coating of fluorescent polystyrene microspheres by a modified Stober method and their stability against photo-bleaching by 今野  幹男
Silica-coating of fluorescent polystyrene
microspheres by a modified Stober method and
their stability against photo-bleaching
著者 今野  幹男
journal or
publication title
e-Polymers
volume 052
page range 1-8
year 2005
URL http://hdl.handle.net/10097/46384
e-Polymers  2005, no. 052. 
 ISSN 1618-7229
http://www.e-polymers.org
 
Silica-coating of fluorescent polystyrene microspheres by 
a modified Stöber method and their stability against photo-
bleaching  
 
Yoshio Kobayashi 1 *, Kiyoto Misawa 1, Masaki Kobayashi 2, Motohiro Takeda 3, 
Mikio Konno 1, Masanobu Satake 4, Yoshiyuki Kawazoe 5, Noriaki Ohuchi 3, 
Atsuo Kasuya 6 
 
1 Department of Chemical Engineering, Graduate School of Engineering, Tohoku 
University, 6-6-07 Aoba, Aramaki-aza, Aoba-ku, Sendai 980-8579, Japan; 
yoshio@mickey.che.tohoku.ac.jp 
2 Department of Chemical Engineering, Graduate School of Engineering, Tohoku 
University, 6-6-07 Aoba, Aramaki-aza, Aoba-ku, Sendai 980-8579, Japan 
3 Division of Surgical Oncology, Graduate School of Medicine, Tohoku University, 
Seiryo-machi, Aoba-ku, Sendai 980-8574, Japan 
4 Institute of Development, Aging and Cancer, Tohoku University, Seiryou-machi, 
Aoba-ku, Sendai 980-8575, Japan 
5 Institute for Materials Research, Tohoku University, Katahira, Aoba-ku, Sendai 980-
8577, Japan 
6 Center for Interdisciplinary Research, Tohoku University, Aoba, Aramaki-aza, Aoba-
ku, Sendai 980-8578, Japan 
 
(Received: April 14, 2005; published: August 17, 2005) 
 
This work has been presented at the 2nd International Symposium on Polymeric 
Microspheres, March 29 - 31, 2005, in Fukui, Japan 
 
Abstract: Submicron-sized polystyrene spheres incorporating fluorescence dyes 
(fluorescent microspheres) were coated with silica by means of a seeded polymeri-
zation technique based on the Stöber method. Silica-coating of the fluorescent 
microspheres with a size of 100 nm was performed in the presence of 0 - 10 g/l 
polyvinylpyrrolidone (PVP), 1 - 13 mol/l water, 0 - 0.8 mol/l aq. ammonia and 
0.00038 - 0.2 mol/l tetraethoxyorthosilicate (TEOS). The addition of PVP was found 
to suppress the generation of free silica particles and produced no shell-free 
fluorescent microspheres improving the uniformity of shell thickness of silica-
coated fluorescent microspheres. Silica shell thickness increased from 11 to 63 nm 
with increasing TEOS concentration at 10 g/l PVP, 0.4 mol/l aq. ammonia and 11 
mol/l water. Silica-coated fluorescent microspheres showed more stable fluores-
cence to laser-irradiation than uncoated fluorescent microspheres. 
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Introduction  
For utilizing microspheres incorporating fluorescence dyes (fluorescent micro-
spheres) in a biomedical field, it is desirable that fluorescence of dyes in the micro-
spheres is persistent for long periods. The photostability of the dyes is environ-
mentally sensitive, and singlet state oxygen molecules play the main role in photo-
bleaching of the fluorescence dye molecules in the excited state [1-3]. Core-shell 
type particles are good candidates for preventing photo-bleaching because the shell 
materials can keep dyes from contact with oxygen molecules. 
Various studies on core-shell particles have been reported, which can show unique 
properties of magnetism, electronics and optics owing to their composite structure 
[4-15]. Our group has also employed silica-coating of various types of particles with 
seeded polymerization techniques [16-21].  
In this study, the silica-coating technique is extended to fluorescent microspheres as 
small as 100 nm. The fluorescent microspheres have been coated with a silica shell 
at different concentrations of polyvinylpyrrolidone (PVP), water, ammonia and tetra-
ethoxysilane (TEOS). Photo-bleaching of the fluorescence dyes in the microspheres 
has been monitored under irradiation of laser in the presence of air. 
 
Results and discussion 
 
Effect of PVP concentration 
Fig. 1 shows transmission electron microscope (TEM) micrographs of fluorescent 
microspheres used as core particles and silica-coated fluorescent microspheres 
prepared at various PVP concentrations. In all images, many core-free silica particles 
with a size of c. 60 nm are observed. Black dots as small as c. 10 nm were revealed 
with the addition of PVP, particularly in the case of Fig. 1d. In a preliminary experi-
ment, such dots were observed when ammonia solution was re-added to a silica 
colloid prepared with a Stöber method, because a little unreacted TEOS was left in 
the colloid even after 24 h reaction. Probably, the dots were silica particles generated 
from unreacted TEOS in the present work, though a definite explanation of their 
origin cannot be given in this stage.  
Without the addition of PVP (Fig. 1b), many shell-free fluorescent microspheres were 
observed. At a PVP concentration of 1 g/l (Fig. 1c), particles that look like aggre-
gations of silica particles and fluorescent microspheres were produced. Probably, 
silica did not have a strong affinity to the fluorescent microsphere surfaces during 
growth from silica nuclei to silica nanoparticle at low PVP concentrations of 0 and 1 
g/l. Such aggregation decreased with increasing PVP concentration. In Fig. 1d and e, 
a silica shell with a size of 38 nm was formed on the surfaces. The addition of PVP 
produced no shell-free fluorescent microspheres, thus improving the uniformity of 
shell thickness of silica-coated fluorescent microspheres. The surfaces of silica shells 
were smoother with increasing PVP concentration. PVP was adsorbed on the fluores-
cent microsphere through hydrophobic interaction of the polyvinyl chain with the 
sphere surface so that hydrophilic (pyrrolidone) groups were introduced on the 
surface. Consequently, the affinity between silica nuclei and the fluorescent micro-
sphere surface was improved by interaction between polar groups. 
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Fig. 1. TEM micrographs of (a) fluorescent microspheres (FluoSpheres® beads, F-
8808) and silica-coated ones prepared from 0.02 M TEOS, 11 M H2O and 0.4 M 
NH4OH at PVP concentrations of (b) 0, (c) 1, (d) 3 and (e) 10 g/l 
 
 
Fig. 2. TEM micrographs of silica-coated fluorescent microspheres prepared from 
0.02 M TEOS, 0.4 M NH4OH and 10 g/l PVP at H2O concentrations of (a) 1, (b) 5, (c) 
7, (d) 11 and (e) 13 mol/l 
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Effect of water concentration 
Fig. 2 shows TEM micrographs of silica-coated fluorescent microspheres prepared at 
various water concentrations. In Fig. 2a, no silica was formed because of a shortage 
of water that was an initiator for the sol-gel reaction. In Fig. 2b - d, uniform silica 
shells were formed on the surfaces of the fluorescent microspheres and their thick-
ness increased from 15 to 22 nm with the water concentration. As Bogush and 
Zukoski reported [22], an increasing water concentration in TEOS/NH3/water/ethanol 
solution dissociates ammonium hydroxide and brings about an increasing electric 
conductivity that corresponds to an increasing ionic strength. Since an increase in 
ionic strength reduces the electrostatic repulsion between particles, the formation of 
silica shells was probably promoted. Many core-free silica particles with sizes of 25 - 
60 nm are also observed. In Fig. 2e, such silica particles adhere to the fluorescent 
microsphere surfaces and no more uniform shell is observed. Because the dielectric 
constant of water/ethanol mixture dispersant increases with increasing water concen-
tration, silanol groups of silica probably tend to ionize at high water concentrations. 
This might increase the affinity of silica to the dispersant and the surface potential of 
silica. Therefore, many silica nuclei generated during the early stages of the sol-gel 
reaction probably grew as stable core-free silica particles. 
 
 
Fig. 3. TEM micrographs of silica-coated fluorescent microspheres prepared from 
0.02 M TEOS, 11 M H2O and 10 g/l PVP at NH4OH concentrations of (a) 0, (b) 0.4 
and (c) 0.8 mol/l 
 
Effect of ammonia concentration 
Fig. 3 shows TEM micrographs of silica-coated fluorescent microspheres prepared at 
different ammonia concentrations. With addition of aq. ammonia solution (Fig. 3a) no 
silica shell and no silica particle was observed because of a shortage of catalyst. At 
ammonia concentrations of 0.4 and 0.8 mol/l (Fig. 3b and c), uniform silica shells 
were formed. Addition of ammonia increases the ionic strength of the solution and 
catalyzes hydrolysis and condensation of alkoxysilanes [23]. Thus, ammonia addition 
should reduce the double layer repulsion between fluorescent microspheres and 
silica nuclei. As a result, silica shells grew on the microsphere surfaces. 
 
Effect of TEOS concentration 
Fig. 4 shows TEM micrographs of silica-coated fluorescent microspheres formed at 
various TEOS concentrations. The silica shell thickness was varied from 11 to 63 nm 
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as the initial TEOS concentration increased from 0.00038 to 0.2 mol/l. Core-free silica 
particles were also observed, in which the ratios of the coated to the uncoated 
particles were around 15% for all TEOS concentrations. In the preparation of silica 
particles with a sol-gel reaction with the use of TEOS, ionic strength decreases with 
decreasing TEOS concentration, and then secondary silica particles are generated 
[23-25]. Possibly, a decrease in ionic strength led to the generation of core-free silica 
particles in the present experiments. Though the size of the core-free silica particles 
tended to decrease with decreasing TEOS concentration, such core-free silica par-
ticles did not disappear even at a TEOS concentration as low as 0.00038 mol/l. 
 
 
Fig. 4. TEM micrographs of silica-coated fluorescent microspheres prepared from 11 
M H2O, 0.4 M NH4OH and 10 g/l PVP at TEOS concentrations of (a) 0.00038, (b) 
0.00075, (c) 0.005, (d) 0.02, (e) 0.08 and (f) 0.2 mol/l 
 
Photo-bleaching 
Fig. 5 shows the time-dependence of the fluorescence intensity. For making clear a 
difference between silica-coated microspheres and the uncoated ones, fluorescence 
intensities were normalized by the value of fluorescence intensity measured before 
laser-irradiation, as shown in the inset. Time-dependence of the normalized fluores-
cence intensity for the silica-coated fluorescent microspheres was weak compared to 
that of the uncoated fluorescent microspheres, which is evidence that the silica-
coated fluorescent microspheres were more stable with respect to their luminescence 
property than the uncoated ones. Singlet state oxygen molecules decompose dye 
molecules in their exited stage [1-3]. This stable fluorescence property is probably 
related to the diffusional limitations of oxygen molecules inside of the fluorescent 
microspheres through the silica shell. Such stabilization by the silica-coating will be of 
importance in the preparation of stable materials for practical applications. 
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Fig. 5. Fluorescence intensities of silica-coated fluorescent microspheres and 
uncoated ones as a function of laser-irradiation time. The silica-coating was 
employed at 10 g/l PVP, 11 M H2O, 0.4 M NH4OH and 0.02 M TEOS. The inset 
shows the fluorescence intensity normalized by the value measured before laser-
irradiation 
 
Experimental part 
 
Materials 
FluoSpheres® beads (F-8808) commercially available from Molecular Probes Inc. 
were used. According to a commercial catalogue of FluoSpheres® beads, these 
fluorescent microspheres are composed of a host matrix of polystyrene and a dopant 
of fluorescent dyes with a fluorescence peak at 515 nm, and they have an average 
size of 100 nm (Fig. 1a). 
Ethanol (99.5%), NH4OH (25% aqueous solution) and tetraethylorthosilicate (TEOS, 
95%) obtained from Wako Pure Chemicals Ltd., and polyvinylpyrrolidone (PVP, 
average molecular weight: 36 000) from Nacalai Tesque Ltd. were used as received. 
Ultrapure deionized water (resistivity higher than 18 MΩ·cm) was used in the pre-
parations. 
 
Methods 
 
Preparation 
Silica-coating of the fluorescent microspheres was carried out with the ammonia-
catalyzed reaction of TEOS in ethanol-water solution in a hermetically sealed reactor 
equipped with a magnetic stirrer at room temperature. Ethanolic solution of TEOS 
was added to aq. PVP solution with vigorous stirring after addition of the suspension 
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of fluorescent microspheres. Hydrolysis of TEOS was initiated by the addition of the 
aqueous ammonia solution to form silica shells on the microspheres; it was reacted 
for 24 h with stirring. Concentrations of PVP, water, ammonia and TEOS were, 
respectively, in ranges of 0 - 10 g/l, 1 - 17 mol/l, 0 - 0.8 mol/l and 0.00038 - 0.2 mol/l. 
 
Characterization 
The silica-coated fluorescent microspheres were observed with a transmission 
electron microscope (TEM) (Zeiss LEO 912 OMEGA) operated at 100 kV acceler-
ating voltage. Samples for TEM were prepared by dropping the suspension of the 
fluorescent microspheres onto the top of a collodion-coated copper grid and drying it. 
Fluorescence spectra were measured with a Hitachi F-4500 fluorophotometer. The 
silica-coated microspheres in a quartz cuvette were irradiated by an argon ion laser 
(Coherent, INOVA90) with an emission wavelength of 488 nm and a power of 300 
mW. Fluorescence at 541 nm was selected using a band pass filter with a bandwidth 
of 10 nm and detected with a Si photodiode (Anritsu, MA9411A) connected with an 
Anritsu ML9001 optical power meter. 
 
Conclusion 
A synthetic method was developed for the stabilization of fluorescent microspheres 
against photo-bleaching. The method was based on the deposition of a silica shell on 
the fluorescent microsphere cores. Silica-coating was performed with a sol-gel 
reaction of TEOS in the presence of PVP. Concentration effects on the silica-coating 
can probably be explained by differences in the ionic strength of the solution. With 
increasing TEOS concentration, the silica shell thickness increased. The silica-coated 
fluorescent microspheres showed high luminescence stability, compared with un-
coated ones. 
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